Abstract. The development of smart devices requires matching energy units, so the research on micro-energy has attracted attention. The all solid-state thin film lithium battery is a better smart energy unit, which not only improves the safety of the lithium battery, but also improves the energy density and cycle performance of lithium battery. All solid-state thin film lithium batteries can adopt the physical deposition technique and is compatible with MEMS technology, which is favorable for the preparation of the self-powered smart device. The solid interface is a key issue that limits the performance of all solid-state thin film lithium batteries. This paper reviews a brief research on modification of solid interface in all solid-state thin film lithium batteries.
Introduction
With the development of artificial intelligence, many types of smart devices need to be developed. In order to realize the smart of the device, the device needs to be self-powered. Traditional liquid lithium batteries, due to the presence of liquid electrolytes, not only have safety problems, but also lead to the device size not be reduced and cannot achieve device miniaturization. All solid-state thin film lithium batteries based on inorganic solid electrolytes do not have these problems, and at the same time, energy densities can be improved through structural design. Therefore, all solid-state thin film lithium battery is a better smart device energy unit.
In 1983, the research of all solid-state thin film lithium batteries began by Kanehori Research Team at Central Research Laboratory, Japan [1] . In 1993, a high-performance all-solid electrolyte thin film, lithium phosphorus oxynitride (LiPON), was successfully developed by Bates Research Team at Oak Ridge National Laboratory, USA [2] . The research of all solid-state thin film lithium batteries has become a hot topic. The preparation technique of all solid-state thin film lithium batteries gradually matured. The scientific and technical difficulties of all-solid-state thin-film lithium batteries are clear. So far, there are reviews on solid lithium-ion electrolytes [3] , electrodes [4] , battery structures [5, 6] and science and technique issues [7] [8] [9] [10] [11] . The scheme of the all solid-state thin film lithium battery is shown in Fig. 1 , and a flexible or hard substrate may be used. The battery includes cathode collector, cathode thin film, electrolyte thin film, anode thin film, anode current collector, and a battery protective coating. All solid-state thin film lithium batteries have the compact thin film of cathode and anode and electrolyte, and are prepared by the physical deposition technique, magnetron sputtering, pulsed laser deposition, atomic layer deposition, laser direct-write, thermal evaporation [12] [13] [14] [15] [16] [17] , etc. The thickness of cathode thin film needs to be adjusted according to design capacity. Anode is usually made of lithium metal or the alloy film. In general, the thickness of compact films in all solid-state thin film lithium batteries is a few microns or a few hundred nanometers. The key issue of the performance on all solid-state thin film lithium batteries is the solid interface [18, 19] . This paper reviews modification of solid interface in recent years and points out the challenges on it. 
Solid Interfaces
From the preparation of all solid-state thin film lithium batteries to the charging and discharging of it, solid interfaces in it are introduced. The electrode and the electrolyte are contacting and forming a hetero-junction. Because of their different lithium ion concentrations, it causes the diffusion of lithium ions and forms space charge region, as shown in Fig. 2 . The electrode is a mixed conductor of electrons and lithium ions, so the space charge area disappears in the electrode. But the solid electrolyte is only ions conductors and there is the lithium-deficient space charge region in solid electrolyte, affecting the migration of lithium ions [20] . Due to the physical deposition technique, the contact area between electrode and electrolyte is insufficient, resulting in a large interface impedance. The stability of the solid electrolyte is not enough, and the oxidation or reduction reaction of it occurs after contacting with the electrode to form the solid interface [21] . During charging and discharging, there is the solid interface between the electrode and the solid electrolyte formed by inter-diffusion of lithium ions. The process of inserting and removing lithium ion from the electrode is accompanied by the change of the electrode in volume, and the volume of the solid electrolyte material do not change, resulting in the excessive stress at the electrode/electrolyte interface. The stress can cause poor contact or separation between the electrode and the electrolyte, so the internal resistance of is greatly increasing. Therefore, the key to solving the issue of solid interface is to suppress the space charge area of the solid electrolyte, increase the contact area between the electrode and the solid electrolyte, and reduce the interfacial stress.
Modification of Solid Interfaces

Modification of Cathode/Electrolyte Solid Interfaces
For modification of cathode/electrolyte solid interfaces in all solid-state thin film lithium batteries, the introduction of interlayer is generally adopted to achieve it. Okumura et al. [22] introduced NbO 2 interlayer between the LiCoO 2 electrode and the electrolyte to reduce the change of the Co-O bond, and to optimize the solid interface by introducing the interlayer to reduce the interfacial stress. In all solid-state thin film lithium battery, Al 2 O 3 interlayer prepared by rf magnetron sputtering is introduced between cathode of LiCoO 2 and electrolyte of LiPON, decreasing the interfacial resistance and increasing the discharge capacity of the batteries [23] . Ohta et al. [24, 25] made LiCoO 2 coated with a few nanometers thickness of Li 4 Ti 5 O 12 or LiNbO 3 by spraying techniques, which suppresses the migration of lithium ions and the formation of space charge layers, effectively reduces the capacity loss during the cycle and realizes the optimization of the solid interface.
The LiCoO 2 and LiPON solid interfaces can be modified by thermal annealing. LiCoO 2 is a p-type semiconductor with a band gap of 2.7 eV. LiPON is an electronic insulator, of which the bandgap width is approximately 11eV. The LiCoO2/LiPON solid interface exhibits p-type semiconductor-insulator heterojunction. The electronic structure of the LiCoO 2 /LiPON solid interface has a great influence on the transport of Li + at the interface and the interface charge transfer. The energy band theory [26] calculations show that the value of valence band drift at the interface at room temperature is greater than 200 °C. This value is related to ion transport and charge transfer at the interface. The literature reports [27] [28] [29] can prove that the LiPON/LiCoO 2 solid interface after 200 °C treatment can significantly reduce the charge transfer resistance.
The modification of solid interface can also be realized by increasing interfacial contact area between cathode and the electrolyte. Ohta et al. [30] deposited 500 nm LiCoO 2 cathode on the electrolyte sheet by pulsed laser deposition, increasing interfacial contact area and effectively reducing the charge transfer resistance. Through introducing the oxide interlayer at the solid interface, such as SiO 2 , TiO 2 , ZrO 2 etc. [31 -36] , can also increase the interfacial contact area to modify the solid interface.
The modification of solid interfaces can be achieved by sol-gel method or spray technique, but these techniques are not suitable for all solid-state thin film lithium batteries. Therefore, when selecting the interlayer at the solid interface, both the technique and the material must be taken into account.
Modification of Anode/Electrolyte Solid Interfaces
At present, the most commonly used anodes of all solid-state lithium thin film batteries are lithium metal, lithium titanate and silicon, etc. Because lithium metal has the lowest redox potential and high specific capacity, modifications of anode/electrolyte solid interfaces are mainly focused on lithium metal/electrolyte solid interfaces. Lithium metal has strong reducibility and easily reacts with the electrolyte to form a high-resistance solid interface, which affects the battery performance [37] . Figure 3 . Types of interfaces between lithium metal and a solid lithium ion conductor. (a) Non-reactive and thermodynamically stable interface; (b) reactive and mixed conducting interphase (MCI); (c) reactive and metastable solid-electrolyte interphase (SEI) [38] .
Wenzel et al. [38] classify the interface between lithium metal/electrolyte solid interfaces into 3 different types. As shown in Fig. 3(a) , the lithium metal anode is not reacting with solid electrolytes and forming a sharp two-dimensional interface in the first case ("thermodynamically stable interface"). In the second case ("thermodynamically unstable interface"), the solid interfaces become three-dimensional due to chemical reactions between lithium metal anode and electrolytes, which are schematically shown in Fig. 1 b and c. It is leaded by a thermodynamic driving force for a chemical reaction between anode and electrolytes. The mixed conducting interphase (MCI, or "insertion-type interphase") will allow electron transport through electrolytes and lead to the self-discharge of the battery (Fig. 1b) . MCI can be avoided by introducing a protecting layer as "artificial SEI". It is formed a stable interphase that the products of reaction are electronically non-conductive or lower electronically conductive to limit the solid interface to the most thin film("stable SEI"), as shown in Fig. 1c . Wenzel et al. [39] [40] confirmed that the SEI was formed on the solid interface through experiments, and the high interface impedance is a key factor that restricts the performance of the lithium battery.
Ogawa et al. [41] deposited a Si interlayer with the thickness of 20 nm on lithium metal by laser pulse deposition. The experimental results show that the Si interlayer effectively inhibits the reduction of the solid electrolyte by lithium metal, thus significantly improving the cycle performance of the battery. The Si interlayer has better cycling performance than those of Al and Sn interlayers. But the reasons for it need to be further explored.
It is also possible to prevent the formation of side reactions by introducing electrolyte interlayer at the solid interfaces [42] [43] . So far, the research on the anode/electrolyte solid interfaces has not been sufficient, and the compatibility with MEMS technology is not good.
Summary
The modifications of the solid interfaces of all solid-state lithium thin film batteries mainly includes introducing a interlayer, increasing the contact area, suppressing the space charge region, and reducing the interface stress. The modification of the solid interface can combined with the calculation of the semiconductor band theory.
The modification of all solid-state lithium thin film batteries is the key to improve its performance, but its basic principle remains to be further researched. In order to realize the integration with the micro device, the preparation technique must be compatible with MEMS technology, limiting the selection of materials of interlayer. Therefore, the principles of solid interfaces, the choices of techniques and materials are the challenges in the field of all solid-state lithium thin film batteries.
